Aim: It remains unclear how functional connectivity (FC) may be related to specific cognitive domains in neuropsychiatric disorders. Here we used simultaneous resting-state functional magnetic resonance imaging (rsfMRI) and electroencephalography (EEG) recording in patients with schizophrenia, to evaluate FC within and outside the default mode network (DMN).
T HE USE OF functional magnetic resonance imaging (fMRI) for computational modeling of brain networks in neuropsychiatric disorders has led to the understanding that schizophrenia is a cognitive network disorder involving alterations of functional connectivity (FC) and higher cognitive function. 1 Resting-state fMRI (rsfMRI) can be used to measure activity of the default-mode network (DMN), which is considered a physiological baseline state of the human brain, and is among the most frequently investigated brain networks in neuropsychiatric disorders. DMN loci include the angular gyrus (AG), medial prefrontal cortex (mPFC), precuneus, and posterior cingulate cortex (PCC) -areas that show altered spatial location and temporal frequency among patients with schizophrenia. 2 However, findings related to this network in patients with schizophrenia remain controversial. [2] [3] [4] [5] Furthermore, there is no evidence that specific FC alterations are explicitly related to distinct cognitive domains. 6 It is hypothesized that changes in its loci could result in under-or over-modulation of the DMN, and that altered connectivity between key regions of the DMN and other brain networks may cause the abnormal temporal fluctuations observed in patients. 2 This would mean that deteriorated FC outside of the DMN could affect DMN function, potentially accounting for the complexity of the DMNrelated findings among patients with schizophrenia.
When combining multiple instrumentation modalities, simultaneous recording supports optimal data interpretation. In our present study, we used simultaneous rsfMRI and electroencephalography (EEG) recording, which enables functional modeling and maximizes the advantages of these two neuroimaging procedures. Here, we used this method to examine FC, both in the DMN and outside of the DMN, among patients with schizophrenia.
METHODS

Subjects
For this study, we recruited 14 patients with schizophrenia who received outpatient treatment at Juntendo Koshigaya Hospital in Saitama and Juntendo Shizuoka Hospital in Shizuoka, Japan. Patients included 10 men and four women, ranging from 21 to 49 years of age (mean age, 38.1 AE 8.9 years). From the same hospitals, we also recruited 15 healthy control participants with no history of neurological disorders. Control participants included nine men and six women, also ranging from 21 to 49 years of age (mean age, 37.3 AE 7.7 years). All patients and control participants were right-handed. All participants gave their written informed consent prior to study commencement, and this study was approved by the Juntendo University Ethics Committee.
In the patient group, schizophrenia was diagnosed according to DSM-5 criteria. 7 The mean disease duration was 14.3 AE 5.7 years, and the mean dose of the drug used for treatment (risperidone equivalent) was 10.5 AE 6.2 mg. The included patients had never undergone electroconvulsive shock treatment. Based on physical examination, laboratory testing, and medical history, all patients were deemed to be in good physical health. The enrolled patients had no history of neurological illness affecting the central nervous system, addiction, or abuse of alcohol or other drugs (DSM-5 criteria).
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Image acquisition and processing
During data collection, patients were in the resting state with their eyes closed. Blood-oxygen-leveldependent (BOLD) fMRI data acquisition was performed at Juntendo University Hospital, using a PHI-LIPS ACHIEVA 3.0 Tesla MRI scanner with a T2*-weighted gradient-echo echo-planar imaging (EPI) sequence. The parameters were as follows: echo time (TE), 30 ms; repetition time (TR), 3000 ms; field of view (FOV), 240 × 240 mm; matrix, 96 × 96; flip angle, 90 ; 22 axial slices; and voxel size of 2.5 × 2.5 × 6.0 mm. During each 15-min session, we completed 300 scans.
After discarding the first four volumes, the remaining 296 volumes were preprocessed using the CONN toolbox, 8 running on MATLAB version 8.3.0 (MathWorks, Inc., Natick, MA, USA). Slice timing was corrected based on slice order. Using the SPM Software platform, fMRI data were realigned and normalized in accordance with the standard Montreal Neurological Institute (MNI) template. The ART scrubbing procedure (www.nitrc.org/projects/ artifact_detect/) was applied to handle image artifacts due to head movement. Next, fMRI data were bandpass filtered at 0.008-0.09 Hz, and discerned from the signal contributions from cerebrospinal fluid, white brain matter, and micro head movement (six parameters). Finally, a Gaussian filter kernel (full width at half maximum = 8 mm) was applied to spatially smooth all functional images.
Image analysis
We used the CONN toolbox to analyze functional connectivity. 8 For individual analyses, we calculated Pearson's correlation coefficients between the timecourse of precuneus activation (as defined by the Harvard-Oxford Atlas) and the time-courses of all other voxels. This generated a seed-to-voxel connectivity matrix, where positive correlation coefficients indicated positive functional connectivity and negative correlation coefficients showed negative functional connectivity. 8 We then used Fisher's transformation to convert the correlation coefficients to normally distributed scores that were used for population-level analysis. We performed betweengroup comparisons of the connectivity matrix with the converted scores. Then, we performed grouplevel estimates of the connectivity between regions of interest (ROI) using the DMN nodes as seeds (mPFC, PCC/precuneus, and AG) and we evaluated the between-group differences. Clusters were defined by applying a high t-threshold of P < 0.001 (uncorrected) to individual voxels. For the extracted clusters, the threshold was P < 0.05. The false discovery rate (FDR) was used to correct the results.
Registration and analysis of EEG data
During rsfMRI imaging, we simultaneously recorded the EEG utilizing a BrainAmp MR-compatible amplifier (Brain Products, Gilching, Germany), following previously reported procedures. [9] [10] [11] [12] We used a 32-channel EEG cap (Easycap BrainCap-MR 3-0 32Ch) with 30 sintered Ag/Ag Cl ring electrodes, which were placed in accordance with the international 10-10 system. The FCz site (between Fz and Cz) served as the online reference, maintaining a small distance between the recording reference and the 'active' electrodes, with the aim of minimizing the risk of amplifier saturation. We also placed an electrode on the back to record the electrocardiogram, and another positioned under the left eye for electro-oculogram recording. We used custom head coils that were covered with inner foam padding (and compatible with the electrodes and cables) to reduce any discomfort or pressure from the electrode cap, and to thus decrease head movements. During EEG recording, we maintained impedance of <5 kΩ between the electrode and scalp. Data recording was performed with a 5000-Hz sampling rate (16-bit, 0.5-mV resolution, 16.38-mV dynamic range) and using an online bandpass filter of 0.016-250 Hz.
EEG artifact correction and validation
To correct the EEG data for MR gradient and ballistocardiac artifacts, we utilized algorithms developed to subtract averaged artifacts, 13, 14 which are included in VISIONANALYZER software (BrainProducts, Gilching, Germany). The EEG data were next processed using a bandpass filter of 0.5-70 Hz, down-sampled to 250 Hz, and re-referenced to a common average. We further applied artifact correction based on independent component analysis to exclude repetitive uniform artifacts, such as line noise and eye blinks. All independent components that seemed to correspond to horizontal eye movements, blinks, or components potentially assignable to ballistocardiac and residual gradient artifacts were visually inspected and excluded. We next performed back-projection of the remaining independent components to restore the EEG data to the original voltage and time scales. Lastly, we rejected any intervals that included amplitudes of over 70 mV. The mean length of available data epochs from the run recorded simultaneously with rsfMRI was 680 s per participant.
Standardized low-resolution electromagnetic tomography-based current density
From the 30-channel EEG, we computed the intracortical current density at 6239 voxels by applying standardized low-resolution electromagnetic tomography (sLORETA) 15 within a software package (http://www. uzh.ch/keyinst/loreta). Using sLORETA, we estimated recordings of intracortical signals that corresponded to virtual, non-invasive, intracortical electrodes. We performed sLORETA analysis separately for the following independent EEG frequency bands: delta (δ), 1.5-6 Hz; theta (θ), 6.5-8 Hz; alpha (α) 1 Following the method proposed by PascualMarqui, 16, 17 we performed a between-group comparison of the cortical distributions of electrical activity generating oscillatory activity in each EEG frequency band. We additionally used paired t-tests for between-group comparisons of sLORETA current density for 19 ROIs defined based on the cortical areas under the 19 electrodes of the 10-20 System: Fp1/2, F7/8, F3/4, Fz, C3/4, Cz, T3/4, T5/6, P3/4, Pz, and O1/2. This sLORETA-based intracortical lagged coherence computation was performed separately for each of the eight EEG frequency bands. Analysis based on these cortical areas has also been utilized with other low-resolution tomography methods (e.g., near-infrared spectroscopy). 18 By applying the sLORETA option 'all nearest voxels,' each of the 6239 voxels was assigned to one of the 19 ROIs. Moreover, for each ROI, we determined the Brodmann area that included the greatest proportion of the ROI's voxels. The Brodmann areas were defined using MNI space corrected to Talairach space. 19 
sLORETA-based intracortical lagged coherence
We performed causal connectivity analysis of the oscillatory activity within four DMN nodes: mPFC, the bilateral inferior parietal lobes (IPL), and PCC. For each subject, we analyzed sLORETA intracortical lagged coherence in the resting run, using the sLORETA software option 'nonlinear similarity, phase-synchronization.' We averaged the current density values for all voxels in each of the 19 ROIs. Next, we computed the intracortical lagged coherences (omitting the zero phase angle values to eliminate volume conduction effects) for the intracortical current density time-series of all six (4*3/2) pairs of ROIs for each subject and each frequency band. 16, 17 Paired t-statistics were used for between-group comparison of sLORETA intracortical lagged coherence.
In the present study, we employed two methods of brain connectivity analysis that fundamentally differed from previous investigations. First, we analyzed the estimated signals of intracranial electric neuronal activity instead of the head-surface EEG signals of electric potential differences. Second, we utilized physiological data representing lagged connectivity rather than classical coherence-type measures that primarily reflected common sources instead of true connectivity. 10, 16, 17 Lagged coherence is defined based on instantaneous and lagged components that comprise a connection. Only physiological time delays can alter the lagged component. The applied model accounts for and eliminates any instantaneous contribution to the connectivity, such that the remaining connectivity is exclusively due to physiology, and is not confounded by effects of low resolution and volume conduction. 16, 17, 20 Overall, coherence quantifies the linear relation between variables with complex values, and lagged coherence provides this same measure with exclusion of the zero-lag contribution. 16, 17 Correlations between FC measured by fMRI and EEG Statistical analyses were performed using SPSS for Windows (SPSS, Chicago, IL, USA). To compute the correlations between FC measured by fMRI and EEG, we used each participant's FC data from the four DMN nodes (as calculated by CONN and sLORETA), along with the Spearman's rankcorrelation coefficient. When calculating the correlations between FC scores for each EEG frequency band by sLORETA, and FC scores by CONN, each dataset comprised six pairs among four nodes. Thus, statistical significance was set as an alpha value of 0.5/6 (two-tailed), using Bonferroni correction to adjust for multiplicity. Figure 1 . Functional connectivity of the default mode network observed using restingstate functional magnetic resonance imaging (MRI; precuneus seed). Patients with schizophrenia and control participants showed obvious functional connectivity of the default mode network in the medial prefrontal cortex (mPFC), posterior cingulate cortex (PCC)/precuneus, inferior parietal lobe (IPL), and hippocampus (P < 0.001, false discovery rate uncorrected). The two groups showed no significant differences at the voxel level.
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RESULTS
FC within the DMN
Analyses of rsfMRI data using the precuneus as a seed ROI indicated that both groups showed obvious FC of the DMN in the mPFC, PCC/precuneus, IPL, and hippocampus (P < 0.001, FDR uncorrected). The two groups did not significantly differ at the voxel level (Fig. 1) . Analysis of sLORETA data showed no significant FC alteration within the DMN among patients with schizophrenia relative to control participants (P > 0.1).
FC association with DMN nodes
We evaluated the associations between FC and key DMN nodes (mPFC, PCC/precuneus, and AG). Based on rsfMRI data, we found that patients with schizophrenia showed significantly more robust ROI-to-ROI FC between the mPFC and the right posterior division of the inferior temporal gyrus (pITG) (Fig. 2) . We detected no significant differences in the FC associated with the other DMN nodes, including the PCC/precuneus or bilateral AG. Using sLORETA data, we compared the cortical distributions of oscillations for each frequency band, and found no significant alterations in patients with schizophrenia compared to control participants (P > 0.1) (Figs 3-4) .
Correlations between fMRI and EEG
FC measured by fMRI was not significantly correlated with EEG in any frequency band, except for in α 1 between the mPFC and right IPL (r = −0.564; P = 0.003).
DISCUSSION
Our analyses of rsfMRI and sLORETA data showed that FC within the DMN did not significantly differ between groups. However, analysis of rsfMRI data showed that FC between the mPFC and pITG was stronger in patients with schizophrenia compared to control participants. This finding of over-modulated FC between the mPFC and pITG suggests that patients with schizophrenia exhibit FC alterations involving higher correlations across nodes within and outside of the DMN, which is partially supported by some previous data.
In one prior study, Zhou et al. 5 found that patients with schizophrenia had significantly altered FC within and between networks, including in 'tasknegative' networks inside the DMN and in 'task-positive' networks outside the DMN. The authors hypothesized that patients with paranoid schizophrenia exhibited different intrinsic organization of interregional FC compared to controls. Such deviations could contribute to the abnormalities in Between-group comparisons of functional connectivity (medial prefrontal cortex seed) associated with the default mode network. We evaluated the functional connectivity associated with default mode network nodes, including the medial prefrontal cortex (mPFC), posterior cingulate cortex/precuneus, and angular gyrus. Analyses using the mPFC as a seed region of interest (ROI) indicated that patients with schizophrenia showed significantly more robust ROI-to-ROI FC between the mPFC and the right posterior division of inferior temporal gyrus (pITG). The green circle indicates the region used as the seed in ROI-to-ROI analysis. The red or blue lines and circles indicate increased and attenuated connectivity, respectively, among patients compared to controls. Deeper color indicates statistical significance (P < 0.05, false discovery rate corrected). Cereb1 r, cerebrum crus1 right; dmnMPFC, medial prefrontal cortex in the default mode network; pITG r, posterior division of inferior temporal gyrus right; TP r, temporal pole right; toITG r, temporo-occipital part of inferior temporal gyrus right; ver45, vermis 4 and 5. information-processing coordination and competition observed within the brains of paranoid patients in the resting state. 5 Similarly, Jafri et al. 3 reported higher correlations among most dominant resting state networks in patients with schizophrenia compared to controls.
Lehmann et al. 20 applied sLORETA analysis, and reported increased connectivities involved in the inhibition of activity on EEG frequency δ in patients with schizophrenia compared to controls. Across all studied schizophrenia subtypes, patients showed compromised activity -by increased coupled inhibition or decreased coupled activation -in both posterior brain areas related to preprocessing functions and anterior brain areas related to behavior control functions and evaluation.
Looijestijn et al. 21 performed a systematic review of FC and psychosis. They suggested that certain positive symptoms of psychosis might be mediated by a blending of information processing between the DMN and the central executive network (CEN) caused by greater susceptibility to noise intrusions combined with inadequate noise suppression. Importantly, schizophrenia involves a loss of frontal (inhibitory) hubs that include the salience network, which moderates the balance between the activity levels of the CEN and DMN. This loss of salience network function likely leads to the CEN becoming overwhelmed with actively and consciously experienced noise, accounting for symptoms of delusions or hallucinations.
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Limitations
Our present findings are underpowered due to our relatively small sample. It is possible that this small patient population contributed to the lack of statistically significant differences in FC as determined based on rsfMRI and sLORETA data. Elucidating the clinical implications of our present findings will require further studies in a larger sample. Future studies should also include analyzing FC using approaches other than seed-to-voxel connectivity, such as graph theoretical analysis or dynamic causal modeling. There also exists a need for stricter noise reduction for EEG raw data, as insufficient artifact correction may have contributed to the negative findings based on sLORETA data. Another limitation of this study was our inability to incorporate clinical outcomes (e.g., symptom manifestations or effects of pharmacological therapy) into the FC evaluation.
Finally, we did not identify any correlations between the FC data measured by fMRI and EEG. It is possible that abnormal FCs evaluated by fMRI and EEG may reflect different neuropathophysiologies. Integration of these brain-mapping modalities might require more sophisticated data analysis methods or statistical procedures. Further analysis of rsfMRI and EEG data in functional brain networks is required for a better understanding of the pathophysiology involved in cognitive function in schizophrenia.
Conclusions
We found no significant between-group differences in FC within the DMN, as measured by rsfMRI and EEG. However, analysis of rsfMRI data revealed over-modulated FC between the mPFC and pITG in patients with schizophrenia compared to control participants. This suggests that schizophrenia may be associated with altered FC showing higher correlations across nodes within and outside of the DMN. There remains a need for further studies of FC using rsfMRI and EEG to confirm possible FC alterations within DMN in association with schizophrenia.
